Abstract The use of anaerobic lagoons as the first pond in waste stabilization pond systems in tropical and warm-temperature climates is considered a highly cost-effective and practical way to treat municipal wastewater. These anaerobic ponds, designed with hydraulic residence times of up to six days, can effect BOD 5 removals of 60 to 80%. The subsequent aerobic stabilization pond surface area is greatly reduced over systems designed without anaerobic treatment up front due to the organic load reduction occurring anaerobically. In lagoon systems with mechanical aeration, operation costs can be greatly reduced.
Introduction
Treatment of municipal and industrial wastewaters in waste stabilization pond systems is widespread and proven effective. Many of these pond systems utilize an anaerobic pond as the first pond-in-series in order to minimize the required surface area for treatment, or in some cases, to minimize energy requirement from mechanical aeration. In as little as a oneday hydraulic residence time (HRT), the anaerobic pond can effect 60 to 80% BOD removal in warm-temperature and tropical climates (Mara and Hills, 1994; Mara and Pearson, 1998) .
While the climate in Canada is generally too cold for year-round treatment of municipal wastewater in anaerobic ponds, engineers and scientists from Geomembrane Technologies Inc. (GTI) and ADI Limited (ADI) have been involved since the early 1980s in the design and installation of equipment to make anaerobic treatment of industrial wastewater in lagoon systems a practical alternative in the North American climate. The focus of these initiatives has been on industrial wastewaters where the strength, in terms of biochemical oxygen demand (BOD), has been high enough (generally above 1500 mg/L BOD 5 ), and the wastewater temperature has been naturally high (generally above 25ºC) to warrant consideration of anaerobic pretreatment (Landine et al., 1993) .
Design considerations for the anaerobic lagoons treating industrial wastewater installed by ADI/GTI have included influent distribution, mixing, sludge storage, recycling and wasting, cover insulation and maintenance, rainwater collection and control, and biogas collection and utilization. ADI and GTI are interested in transferring what has been learned in the development of these industrial lagoons to the municipal sector.
Melbourne, located in southeastern Australia, privatized wastewater treatment under Melbourne Water Corporation. Melbourne Water removes and treats most of the city's sewage, with treatment done mainly at two treatment plants. The Eastern plant is a conventional activated sludge plant whereas the Western plant utilizes ponds and land application. The Western Treatment Plant (WTP) located in Werribee, Victoria, services 52% of the population of Melbourne which has a serviced population of 2.3 million people. The WTP has been in service since 1897, covers an area of 10,850 ha and combines land and lagoon treatment to process an average flow of 470 million litres of sewage daily.
Lagoon treatment is used year round at the WTP and land and grass filtration are used seasonally. Land filtration occurs during the warmer months as it relies on both evaporation and filtration. Grass filtration is used during cooler weather. By 2005 it is planned that all sewage will be treated in lagoon systems, and the land and grass filtration methods will only be used to polish lagoon effluents. Three lagoon systems (115 East, 25 West and 55 East are in use, each handling approximately 120,000 m 3 /d (see Figures 1 and 2) . The inlet end of 115 East was covered in 1992 with a polyethylene floating membrane cover, and biogas (between 5000 and 12,000 m 3 /d) is collected and utilized (Hodgson and Paspaliaris, 1996) .
The project discussed in this paper involved covering the inlet ends of 25 West and 55 East using a floating insulated cover made of Seaman XR5, polyfoam insulation and high density polyethylene, designed by GTI. The covers' dimensions are 200 m by 171 m in 25 West and 214 m by 200 m in 55 East. The project included the design and installation of a biogas collection and control system for future utilization. The covers and control system are specially designed to store biogas under the covers.
Plans are in effect to utilize the gas produced under the new covers by generating electricity with a generator set to be installed in 1999. Biogas flows from each of the lagoons covered in 1998 are expected to be between 5500 and 18,000 m 3 /d. It is expected that electricity will be generated between 8 and 16 hours per day, only during peak demand periods. Given an average biogas production of 38,000 m 3 /d at a methane content of 65%, the expected generator set sizing is 6000 kW. With an average electricity cost of $0.07/kWh, the value of the biogas is estimated to be $1.8 million annually.
Project schedule
The project was awarded in December 1997 and completed, except for a period of performance testing, in December 1998. The project included:
• a quality assurance plan compliant with ISO 9001 • an environmental management plan • cover design and cover pre-fabrication • design and installation of perimeter attachment wall, footing and wall liner for 25 West and 55 East • installation of floating geomembrane cover • design and installation of biogas collection, control and conveyance system for biogas utilization in the future • commissioning • training of operations and maintenance personnel • performance testing • follow-up operation and maintenance check.
The schedule in the original proposal to Melbourne Water called for completion in January 1999. There were times during construction when work fell behind schedule, but milestones were aggressively pursued and the project was completed on time. Performance testing started in December 1999.
Design considerations
Melbourne Water Corporation had experience with floating geomembrane covers based on an existing cover system completed in 1992 which was designed and installed by others. Using their experience as a guide, MWC wanted a cover design that would:
• be installed when lagoons were in-service • provide strength and stability • require low maintenance • facilitate maintenance, when required • allow for lagoon water level to fluctuate • be self draining for precipitation • have a long design life • have structural integrity to withstand pressures caused by scum development • allow for increasing the length of the cover • maximize biogas collection and minimize infiltration • facilitate biogas migration/collection • be used to store biogas for use during peak power demand periods • have a biogas control system that would protect the cover and allow maximum usage of biogas.
Cover structural integrity/strength GTI proposed and installed a three-layer composite cover system comprised of a membrane layer, an insulation layer and an underskin layer. The membrane layer is made of Seaman XR-5 geomembrane which contains the biogas, provides minimal expansion/contraction due to changes in ambient temperatures, is ultra-violet light resistant, and has high tensile strength. The insulation layer is made of 12.5 mm of polyfoam insulation, providing both buoyancy and thermal properties. The underskin layer is made of 30 ml high density polyethylene (HDPE), providing protection of the cover system from scum development and scum movement under the cover. The polyfoam insulation is welded to the HDPE underskin layer, but the top membrane layer is independent from the insulation/HDPE layer. The three-layer nature of the cover system provides a lightweight but durable structural integrity to the cover system and allows buoyant access for maintenance and inspection.
Biogas is allowed to migrate between the HDPE underskin and the XR5 cover through orifices located along the perimeter cover sweep. When biogas storage is required, the pressure beneath the cover will be allowed to go positive, and biogas is forced between the cover layers. This design allows for the HDPE to remain in contact with the liquid surface, thus helping to prevent mounding of the scum layer. When the scum layer is allowed to mount, there is a tendency for it to dry out, crust over, and lose its fluidity.
Self draining and foldless
The action of accumulated rainwater and wind can play havoc on the longevity of cover systems and the degree of maintenance required. The cover installed for MWC incorporates a network of weights, floats, and self-regulating gravity drains that allow passage of rainwater into the liquid below. There are no folds in the design for collection of rainwater, and since there are no folds, there are fewer wear areas in the cover that require periodic maintenance.
The foldless cover design allows the designer to use the entire walled perimeter of the lagoon as a transmission zone for biogas since the cover sweeps from the top of the wall, where there is a gas-tight seal, down to the liquid surface. The sweep area, along with a system of floats and weights allows unhindered conveyance of biogas from the central areas of the cover to the perimeter where it is conveyed through wall penetrations and piping to the biogas blowers.
Biogas control system
Biogas is removed from beneath the covers and sent to flaring or utilization using three positive displacement blowers. One blower is dedicated to each cover system and is sized to match peak biogas production, with the third blower valved to service either lagoon. A schematic of the biogas system is provided in Figures 3 and 4 . As biogas production changes, the speed of the blowers is controlled using variable frequency drives on the motors. The cover is generally maintained under a slight negative pressure measured and reported to the programmable logic controller by a pressure indicating transmitter located on the discharge piping from the cover. There are three general modes of operation (see Figure 4 ): • removal of biogas to match production; • removal of biogas to match demand; and • biogas storage during periods of no demand.
The biogas control system consists of an Allen Bradley PLC5 in communication with ADI's APM Windows based control software using a PC operator interface. The system can be monitored remotely, and changes to the software can be done through the telephone linkage or on the Internet. The biogas discharge line from each cover is equipped with an emergency vent, and valves controlling vent operation are monitored for position (open/closed) which is reported through the SCADA system to the PLC. Each cover is also equipped with manual pressure release valving located on the perimeter of the cover sweep. When storage of biogas is required in order to maximize usage of that resource, the cover is allowed to generate a positive pressure by storing biogas between the XR-5 and the insulation/HDPE. The control system not only senses the pressure underneath the cover, but it measures the wind speed. If wind speed increases beyond a set point, excess storage of biogas is either used or flared in order to create a slight vacuum under the cover and protect the cover from wind damage. The composition of the biogas is continuously monitored using an on-line gas chromatograph and gas analyzers (see Figure 5 ).
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Quality control and commissioning
Throughout the fabrication and construction phases, quality control was carried out on the strength of the material and the quality of the welding and installation. During shop fabrication, the quality of welding was tested at the beginning of the day and whenever new welding activities were started. Regular checks were conducted on seam samples for tensile strength and peel resistance. Insulation bonding to the lower HDPE liner was manually checked to ensure the welds were of sufficient strength. During on-site welding, samples of welds were regularly tested for tensile strength and peel resistance of the welds.
Upon completion of the cover, the integrity of the cover system had to be such that less than 1% oxygen was present in the biogas. During this procedure the cover vacuum was drawn down to ten times the recommended operating pressure for a 12 hour period and the gas beneath the cover periodically measured for oxygen content. If the cover failed the test, the cover would be inspected, repaired as necessary, and retested.
Safety and maintenance
The insulated cover system allows safe access of maintenance personnel to all areas of the cover system, and will also allow access by small all-terrain vehicles as required (see Figure 6 ). Patching of the cover can be done while the cover is in-service. The self-draining system prevents collection of large pools of water on the surface of the cover, eliminating the risk of getting trapped in the water, and minimizing wear on the cover.
Construction considerations
The perimeter wall was cast in place around three sides of the existing lagoons which were maintained in service (the fourth side is open ended to the WSP system). As a result, much of the casting was done at or near the water table in very contaminated soil. The walls and footings were anchored to the ground using soil anchors spaced appropriately along the perimeter.
The three-layer floating geomembrane cover was prefabricated in panels in North America and shipped to site for installation. Individual panels (approximately 12 m by 70 m) were site-welded together as they were floated onto the active lagoon surface. After a completed strip of panels was in place, the strip was anchored and a second strip of panels was started. Three strips of panels were required for each lagoon system. After all panelstrips were floated, they were joined at the two interior seams using ridge floats, which also serve to aid in conveyance of biogas to the perimeter gas collection system. After joining the cover strips to the ridge floats, the perimeter wall attachments were completed and weights were arranged on the cover.
All work on the cover was done by a maximum of 11 skilled technicians/engineers from Canada and 16 local labourers. Local sub-contractors were used to complete the required earthwork, concrete, electrical and mechanical work. Quality assurance and control testing was done regularly during fabrication and on-site welding.
The bulk of the installation was completed during the winter season, when rain and high winds added considerable complexity to the work and scheduling. Proper installation procedures and attention to changing conditions were required to avoid situations in which the covers could be damaged prior to being permanently secured.
Future design considerations
Melbourne Water is committed to using lagoon technology to economically treat municipal sewage, and has taken steps to enhance the lagoon system to minimize greenhouse gas emissions and maximize resource recovery all while minimizing operation and maintenance costs. The new covered lagoons have functioned as designed and MWC is well on its way to utilizing the biogas resource. In fact, the steady supply of biogas afforded by the new cover/control system, and the capability of biogas storage until required during peak electrical demand periods, has attracted private investors' interest in designing, building and operating the biogas utilization facility.
As with any technology change, there are new challenges to address in order to further improve the system. These challenges include:
• the cover adds complexity to sludge management; • maximizing organic removal efficiency and biogas resource recovery; and • successful scum management.
ADI/GTI have been successful in enhancing performance of anaerobic lagoons (ADI-BVF™) treating industrial effluents by:
• influent distribution into the sludge bed; • floor and hanging baffles to minimize short-circuiting; • good sludge/wastewater contact, and recycling sludge to influent distribution system; • regular sludge wasting program; and • clarification of effluent using gas-liquid-solids separators.
While certain of these improvements may not be practical in large municipal anaerobic lagoons, we believe there is potential to improve performance by improved influent distribution, sludge recycling and continuous sludge wasting.
Conclusions
The installed covers and biogas withdrawal and conveyance system have been in operation for three months as of the writing of this article. The system is performing well with few operating problems.
Approximately 8 ha of cover was designed, fabricated and installed on budget and on schedule.
A localized problem has occurred at one open end of the cover system. Prevailing winds have tended to push floating material onto the leading edge of the covers, which has resulted in blockage of a number of the self-draining devices and some localized accumulation of water. However, the remaining areas of the cover have been self-draining as designed and the cover remains a low-maintenance item.
Biogas production and utilization are projected to provide payback for the cover system, mainly due to the fact that biogas utilization can be controlled to occur during times when electrical demand is the highest and consequently, resource price is the most advantageous. The reliable storage and biogas control system is attracting private investors to consider designing, financing and operating the utilization facility.
